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Clostridioides difficile is a bacterial pathogen that causes antibiotic-associated intestinal 
disease.1 The signaling molecule cyclic diguanylate monophosphate (c-di-GMP) regulates 
various physiological changes such as biofilm formation, motility, and cell differentiation in 
many bacterial species.2 In C. difficile, c-di-GMP regulates motility, colonization, and virulence.5 
In many bacteria, an increase in c-di-GMP levels is associated with the transition from a motile 
to a sessile lifestyle.1 In the presence of an abiotic surface, bacteria organize themselves in a 
protective manner through biofilm formation and become sessile.4 Prior work suggested that C. 
difficile in a biofilm (i.e., surface-associated) have higher intracellular c-di-GMP levels than free-
living planktonic bacteria.16 We hypothesized that C. difficile responds to growth on a surface by 
increasing c-di-GMP levels. To test this hypothesis, we used a plasmid where transcription of a 
red fluorescent reporter, mCherry, is regulated by an upstream riboswitch that allows for 
transcription of mCherry under high c-di-GMP levels. With this plasmid, we quantified the 
percentage of the bacterial population that fluoresce red, indicative of an increase in c-di-GMP 
levels, at different time points. In this study, we found that the percentage of fluorescent cells on 
a solid surface closely resembles those in a liquid medium during a 24-hour period, suggesting 
that the levels of c-di-GMP remained similar in both conditions. Further, variation of 
fluorescence intensity of individual bacteria, indicative of variable intracellular c-di-GMP level, 
was also similar under the conditions tested. Additional work is needed to determine whether 
surface growth leads to changes in c-di-GMP at alternative time points or with different surface 








Clostridioides difficile is a gram-positive, spore-forming, obligate anaerobic bacterium. In 
humans, C. difficile colonizes the large intestine and is a leading cause of fatal nosocomial 
infections in the United States.6 Some risk factors for C. difficile infection (CDI) include 
hospitalization, older age, and antimicrobial use.7 Transmission is via the fecal-oral route, and 
disease is mediated by the release of two main exotoxins. These toxins affect the cytoskeletal 
structure and tight junctions of target cells, leading to cell death.8 Currently, treatments using 
antibiotics are the primary method of resolving CDI. However, disease recurrence is common, 
occurring in 20-30% of patients, in part due to the presence of spores that can persist and 
reestablish infection.9 Despite this knowledge, much of the basic biology of C. difficile is not 
known.  
 
One key molecule that is being studied for its widespread effects in C. difficile is c-di-GMP. 
Cyclic diguanylate monophosphate (c-di-GMP) is a bacterial second-messenger molecule that is 
involved in the switch between motile and non-motile bacterial forms.10 In many bacterial species, 
including C. difficile, increased intracellular c-di-GMP concentration promotes surface adherence 
and biofilm formation while inhibiting flagellum biosynthesis and motility.22 C-di-GMP is 
produced in the cell by diguanylate cyclases (DGCs) and broken down by phosphodiesterases 
(PDEs).11 The production and activities of DGCs and PDEs are affected by external stimuli, so 
extracellular conditions influence c-di-GMP levels and downstream signaling. Changes in c-di-
GMP level are sensed by intracellular receptors, including proteins and RNA riboswitches, whose 
activity is modulated by c-di-GMP binding. C-di-GMP signaling in C. difficile appears to rely 
primarily on riboswitches, which are RNA structures located in the 5’ untranslated regions of some 
mRNA that bind a specific metabolite;23 binding of the metabolite, in this case c-di-GMP, modifies 
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the RNA structure in a way that alters transcription of the downstream gene or translation of the 
associated mRNA. 
 
Several bacterial species have been shown to respond to surface contact by altering 
intracellular c-di-GMP concentrations. This response serves to aid in the transition from a motile 
to a sessile lifestyle. In P. aeruginosa, following movement onto a surface, c-di-GMP 
concentration increases, leading to surface attachment and enhanced virulence.14 In V. cholerae 
increased c-di-GMP follows a loss of flagellar expression and is associated with increased biofilm 
gene expression.15 There is also evidence that C. difficile responds to surfaces with behaviors 
associated with increased c-di-GMP. Our lab previously found that high c-di-GMP promotes 
surface motility and regulates biofilm formation in C. difficile by Type IV pili biosynthesis.16 Type 
IV pili are used to help the bacterium disperse to new adherence sites while remaining attached to 
the epithelial surface.17 Further, there is some evidence that c-di-GMP is higher in C. difficile 
grown in a biofilm (i.e., surface attached) compared to planktonic culture.20 One goal of this study 
was to detect if C. difficile changes its intracellular c-di-GMP concentration following movement 
onto a surface. To accomplish this, we used a C. difficile strain created by introducing a plasmid-
based reporter in which transcription of the mCherryOpt gene is controlled by a c-di-GMP 
riboswitch that promotes gene expression in response to this ligand.25 
 
Many bacterial species, including C. difficile exhibit phenotypic heterogeneity. Phenotypic 
heterogeneity describes the presence of cells with distinct properties within an isogenic population. 
Phenotypic heterogeneity affects many aspects of the bacterial response to stimuli, and it is thought 
to increase bacterial fitness and the chances for survival of the population as a whole.12 Some 
survival strategies that are predicted to be affected by phenotypic heterogeneity include spore 
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formation, biofilm formation, altered motility, and a differing response to antibiotics.13 As a whole, 
these strategies are evoked by environmental or bacterially produced signals. In this study, we also 
investigated C. difficile phenotypic heterogeneity of c-di-GMP production by quantifying c-di-
GMP dependent fluorescence intensity between individual cells of a population.  
 
In this study, we aimed to determine the effects of surface interaction on intracellular c-di-
GMP level in C. difficile.. Through the use of the c-di-GMP riboswitch-based fluorescent reporter, 
we found no significant difference in c-di-GMP levels in C. difficile grown in liquid and solid 
media at multiple time points. In these experiments, we observed variability in fluorescence 
indicating heterogeneity in c-di-GMP level among individual bacteria. However, the degree of 
heterogeneity did not differ between surface and broth grown C. difficile. These results provide 
some insight for how c-di-GMP signaling changes when C. difficile grows on a surface such as the 
intestinal epithelium, but more work will be needed to understand the additional factors that 















Materials and Methods 
Bacterial strain and growth conditions 
C. difficile strain RT1421 was made previously by transforming C. difficile strain R20291 
with a c-di-GMP biosensor encoded on an extrachromosomal plasmid that contains catP2 
(thiamphenicol resistance). The plasmid-borne biosensor contains a translational fusion of the 
mCherryOpt gene (encodes a red fluorescence protein1) to a C. difficile c-di-GMP riboswitch3. C. 
difficile strain RT1421 was grown on Brain Heart Infusion medium supplemented with yeast 
extract (5 g/L) (BHIS) and thiamphenicol (10 µg/mL, Tm10) agar plates at 37°C in an anaerobic 
chamber with an atmosphere of 85% N2, 10% CO2, 5% H2. After 24-hours incubation, a single 
colony was suspended in 3 mL of Tryptone Yeast Extract (TY) broth (8 mg/mL) containing 
Tm10 and grown at 37°C under anaerobic conditions. These cultures served as the starting 
material for c-di-GMP growth experiments.  
Experimental growth conditions 
Overnight TY broth cultures (5 µL) were diluted in 495 µL of BHIS and vortexed. Then 
30 µL of this mixture was further diluted in 3 mL TY broth and grown overnight as described 
above. The next morning, the culture was diluted 1:30 (100 µL into 3 mL in BHIS + Tm10) and 
incubated in the anaerobic chamber until it reached an optical density at 600 nm (OD600) of 0.5 
and subsequently used for the agar and broth culture experiments. Four 50 µL aliquots of the 
above culture were spotted on a BHIS + Tm10 agar plate and allowed to dry. After two-hours 
following spotting, two of the spots were collected using a cell scraper and suspended in 200 µL 
of 1X Phosphate-Buffered Saline (PBS). For time points of 16 and 24 hours, one spot was 
collected using a cell scraper and suspended in 200 µL of 1X PBS. For liquid culture controls, 
7 
 
the remaining 2.8-2.9 ml of broth culture was grown alongside the agar plates in the anaerobic 
chamber at 37°C. 
 Sample preparation for Imaging 
Twenty minutes prior to each time point, agar pads were prepared by first melting 1% 
agarose in water, and then spotting 800 µL of that solution onto a slide. A second slide was 
placed on top of the molten agar, and the assembly was left to rest for 10 minutes. Once cooled, 
the top slide was separated, and the edges of the agar pad were trimmed square before use. At 
each time point, aliquots of the broth and solid-surface samples were removed from the 
anaerobic chamber, and 5 µL of each sample was spotted onto agarose pads. A coverslip was 
applied, and after 2 minutes the slide was taken for microscopy. The remainder of the cultures 
were saved at -80°C.  
Single-Cell Microscopy 
For imaging, cells were viewed with the Keyence BZ-X810 microscope. Cells were 
viewed at 40X under ~2300 µm at 300s exposure for phase-contrast images. Red fluorescence 
was viewed under ~2300 µm at 12s exposure. The excitation and emission wavelengths used to 
capture red fluorescence were 550 and 620 nm, respectively. At each time point for both the agar 
treatment and broth control, five images from different fields were captured under phase-contrast 
and fluorescence settings. 
Data Analysis 
Image analysis was performed using ImageJ4. The cell counter tool was used to measure 
the number of C. difficile cells under phase contrast and the number of cells under the 
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fluorescence setting. The counting was done using the manual counter function, and all cells in 
each frame were accounted for. The ratio of fluorescent cells was calculated by dividing the 
number of fluorescent cells from the fluorescence image by the total number of cells in the phase 
contrast image. The ratio values of 5 sets of images were averaged. Along with the ratio of 
fluorescent cells, ImageJ was used to calculate the Corrected Total Cell Fluorescence (CTCF) of 
cells that exhibited fluorescence. CTCF was calculated by taking the Area of the selected cell 
multiplied by the mean fluorescence of the background readings and subtracting it from the 





















After 2 hours growth, the difference in c-di-GMP levels between broth and agar grown C. 
difficile is not significant. 
Because c-di-GMP regulates the transition between surface-associated sessile and free-
living motile lifestyles in many bacteria, we investigated whether C. difficile responds to a 
surface by altering intracellular c-di-GMP levels. To do so, we examined whether c-di-GMP 
levels vary during growth in liquid or solid medium using a C. difficile reporter strain, RT1421. 
This strain contains a plasmid with a gene for mCherry, a red fluorescence protein, under the 
control of a riboswitch that promotes transcription upon binding c-di-GMP. The plasmid also 
contains the catP gene that confers resistance to thiamphenicol (Tm), which was included in all 
growth media. Given that elevated c-di-GMP levels are associated with non-motility, adherence, 
and cell clumping, we predicted that we would see an increase in the number of red fluorescent 
bacteria following transfer from liquid medium onto a surface. In pilot experiments, there was 
difficulty obtaining sufficient bacterial cells after 30 minutes and 1 hour growth in the anaerobic 
chamber. We therefore chose a 2-hour incubation time to allow time to allow sufficient growth 
and for mCherry to be produced in order to measure the response to a surface. Starting from an 
overnight culture of strain RT1421, we subcultured on BHIS-Tm10 agar plates and on BHIS-
Tm10 broth. As a reference, we collected cells from the starting liquid culture for analysis and for 
comparison to the test conditions. After 2-hours incubation, we collected growth from the liquid 
and solid medium cultures. All samples were then visualized by phase contrast and fluorescence 
microscopy to capture total and red-fluorescent cells, respectively. We then enumerated the 
fluorescent and total bacteria using ImageJ software. After data analysis, the percentage of cells 
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from a BHIS-Tm10 agar plate exhibiting fluorescence was similar to those grown in BHIS-Tm10 
broth, and neither subculture was significantly different from the starter culture (Fig 4). 
After 24 hours growth, no difference in c-di-GMP levels was observed between broth and 
agar grown C. difficile.  
We considered the possibilities that C. difficile may take longer than 2 hours to respond 
to a surface, or that the mCherry protein may need more time to accumulate. We repeated the 
experiment described above, but instead collected cells after 16- and 24-hours of incubation 
following subculture onto BHIS-Tm10 agar plates or BHIS-Tm10 broth (Fig 5). At 16 hours 
following plating, the proportion of fluorescent bacteria in the surface condition declined 
compared to the broth culture and to the starter culture. However, by 24 hours, the proportion of 
fluorescent bacteria recovered and was equivalent to the broth control. These data suggest that C. 
difficile does not respond to surface growth by increasing c-di-GMP. However, only one 
successful replicate was obtained for this experiment, and further replicates are needed to gain 
more conclusive data.   
Fluorescence intensity does not vary between broth and agar grown C. difficile 
While performing the above experiments, we observed that between C. difficile cells of 
the same culture, some showed brighter fluorescence than others (Fig 3). It is possible that not all 
cells respond to surface growth by increasing c-di-GMP, but that a subset of bacteria in the 
population respond strongly. The prior strategy of quantifying bacteria with any level of 
fluorescence above background would not detect these differences (Fig 4, 5). We therefore 
quantified the Corrected Total Cell Fluorescence of each individual fluorescent cell from the 
samples collected for the 24-hour experiment from the starter culture and both the solid and 
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liquid cultures (Fig 6). We found variation of CTCF between cells of the same culture, but no 















































Cyclic diguanylate monophosphate (c-di-GMP) has emerged as a bacterial second-
messenger molecule that is involved in the transition between a planktonic, motile state and 
sedentary, biofilm-associated lifestyles. The role of c-di-GMP signaling in the gram-positive 
bacterium C. difficile is becoming more established, and it shows similar functions as in other 
bacterial species. However, the complete range of c-di-GMP signaling pathways is still unknown. 
In C. crescentus and P. aeruginosa, c-di-GMP has a role in responding to surface contact, 
promoting cellular differentiation and surface colonization, respectively.(18,15) Our lab previously 
found that, as in other species, c-di-GMP promotes biofilm formation in strains 630/630Δerm and 
R20291.16 This process is multifactorial, in part mediated by Type IV pilus production stimulated 
by c-di-GMP.16 However, surface behaviors remain poorly characterized in C. difficile. In this 
study, we tested the hypothesis that C. difficile increases intracellular c-di-GMP in response to 
growth on a surface. 
 
To detect changes in intracellular c-di-GMP, we introduced a fluorescent reporter that 
contains the mCherryOpt gene downstream of the c-di-GMP riboswitch into C. difficile R20291. 
Because this riboswitch promotes downstream gene transcription in response to binding c-di-GMP, 
this configuration allowed us to visualize production of the mCherry protein and infer c-di-GMP 
binding. We used this reporter strain, RT1421, to compare the percentage of C. difficile cells 
exhibiting high c-di-GMP when grown in liquid media or an agar plate. After two hours of growth, 
the proportion of fluorescent bacteria between the liquid and surface conditions was similar (<5%), 
indicating that c-di-GMP levels were equivalent in these growth conditions. During prolonged 
incubation, we observed an unexpected decrease in the percentage of fluorescent cells in the solid 
surface condition at time 16 hours, suggesting a reduction of c-di-GMP levels. By 24 hours, this 
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percentage increased and were restored to levels equivalent to liquid -grown bacteria. This 
experiment was only performed once, and the low value at 16 hours may have been due to a 
sampling error or spurious growth of that sample. More replicates are needed for these longer 
incubation periods. Other studies have observed heterogeneity in the level of c-di-GMP in 
individual cells in a population.24 We similarly observed variation in the intensity of mCherry 
fluorescence between cells. We decided to quantify fluorescence to determine if surface growth 
increased c-di-GMP in a subset of bacteria rather than across the entire population. However, after 
correcting for background noise using ImageJ, we found comparable variation of fluorescence 
between individual cells of both liquid and surface conditions, and no significant difference in 
these values.  
 
This study relies on detection of the fluorescent protein mCherry to infer relative levels of 
c-di-GMP. Production of mCherry is driven by the upstream promoter and riboswitch, and 
mCherry abundance is also affected by its stability. Detection of fluorescence may not give an 
accurate representation of c-di-GMP level, because measurements are a snapshot of mCherry 
abundance. The half-life of mCherry is approximately 24 hours in E. coli.19 If the cell were to 
exhibit high c-di-GMP levels (and therefore fluorescence), but then experience a sharp decline in 
c-di-GMP, a substantial amount of mCherry would remain. A decrease in fluorescence might not 
be evident for hours. If our findings on c-di-GMP activity within a 2-hour window (Fig 4) were to 
be validated with further replicates, this could suggest that surface recognition is not immediate 
for C. difficile or that there is a downstream regulatory pathway that takes time or needs additional 
stimuli to activate. To get a clearer picture of c-di-GMP levels, instead of using fluorescence as a 
marker, using quantitative RT-PCR of mCherry transcript levels at each time point might be more 
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sensitive and more readily reflect decreases in c-di-GMP, though this approach would not be more 
efficient.  
 
 We know that c-di-GMP plays a crucial role in C. difficile biofilm formation20, virulence 
factor production3, and the regulation of Type IV pili.16 Biofilms provide a protective environment 
for C. difficile and act as a terminal for recurrent infection in the host.21 Type IV pili are needed 
for optimal colonization of the mouse intestinal epithelium.16 Given that c-di-GMP positively 
regulates both Type IV pili and biofilm production, this implies that upon movement to a surface, 
c-di-GMP levels should increase. Prior work is consistent with the idea that c-di-GMP promotes 
surface (epithelium) adherence, and the possibility that surface interaction is a signal for increased 
c-di-GMP, but the data from this study does not support this notion. For future studies, additional 
experiments will be needed to examine why some cells exhibit more fluorescence than others. To 
further understand the conditions that alter intracellular c-di-GMP, more tests with different solid 
subculture conditions (such as variable agar percentage, addition of glucose/nutrients) and 













I would like to thank Dr. Leila Reyes Ruiz for her assistance with organizing the timeline for the 
experiments, as well as coordinating days to help with the growth of the bacterial cultures. I 
would like to thank Mercedes Warren for teaching me how to use and navigate the settings of the 
Microscope. I would also like to thank Dr. Caitlin Williams for providing me with the dilution 
conditions and steps to reach the desired optical density of the cells. I would also like to thank 
Dr. Rita Tamayo for not only providing me with the opportunity to pursue this project, but for 
pushing me and believing in me throughout my time at the Tamayo Lab. I would like to thank 
Dr. Alaina Garland for sponsoring my research and giving me the opportunity to participate in 
BIOL 395.  Lastly, I would like to thank Dr. Amy Shaub Maddox, Jeanne-Marie McPherson, 
Kemal Ozalp, Julie Geyer, Daniel Cortes, and Michael Werner for their inputs and comments on 









Figure 2. Strategy for detection of intracellular c-di-GMP in C. difficile using the riboswitch-based reporter. (a) 
Diagram of the c-di-GMP reporter and (b) the experimental design used to assess c-di-GMP in C. difficile grown in 





Figure 3. Assessment of c-di-GMP mediated fluorescence in C. difficile by microscopy. Phase Contrast (a) and 
Fluorescent Images (b) of C. difficile strain RT1421 after 24-hours of growth on BHIS Tm10 agar plates grown at 
37°C in an anaerobic chamber. Cells were collected in 1X PBS and then placed on 1% agar pads before imaging. 
Red cells indicate production of mCherry fluorescent protein following binding of c -di-GMP. The degree of 
fluorescence varied between individual cells suggesting heterogeneity in c-di-GMP levels. Images were taken at 
40X and viewed at 2300 µm. 
 
 
Figure 4. Percentage of C. difficile RT1421 cells exhibiting fluorescence over a 2-hour period. Solid Culture 
represents RT1421 cells grown on BHIS Tm 10 agar plates, and Liquid Culture represents cells grown in BHIS broth 
+ Tm10. C-di-GMP signaling was quantified using an mCherry fluorescent-reporter system that was visualized 
through microscopy. Time 0 hours refers to fluorescence in cells from the liquid culture used to inoculate the solid 
agar treatment and liquid controls. Growth was collected after 2 hours incubation, and fluorescent cells were 





Figure 5. Percentage of C. difficile strain RT1421 cells exhibiting fluorescence over a 24-hour period. Solid Culture 
represents RT1421 cells grown on BHIS Tm 10 agar plates and Liquid Culture represents cells grown in BHIS broth 
+ Tm10. c-di-GMP signaling was quantified using an mCherry fluorescent-reporter system that was visualized 
through microscopy. Growth was collected after 16 and 24 growth and fluorescent cells were quantified and 
expressed as a percentage of total cells. Time 0 hours refers to fluorescence in cells from the liquid culture used to 
inoculate the solid agar treatment and liquid controls. n=1 replicate. 
 
 
Figure 6. Corrected Total Cell Fluorescence (CTCF) of all fluorescent cells from the 24 hour experiment in Figure 
5. These data the variability in fluorescence intensity/brightness in individual cells from each condition and time 
point, taking into account background signal. At each time point, the variation between liquid and surface grown 
bacteria was not significant. CTCF was calculated using measurements taken from ImageJ. CTCF = Integrated 
Density - (Area of Selected Cell x Mean Fluorescence of background readings). No negative CTCF values were 
detected as all cells sampled had fluorescence above background. Shown are the means and standard error of 
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